Abstract-Distributed generations (DGs) have grown rapidly in the power system because of their fast technological developments as well as the economic and environmental issues of the conventional electricity generations. DGs can improve power system reliability, reduce cost of electricity and lessen emissions as well as enhance the voltage stability of distribution system. However, in order to improve voltage stability as well as minimize power losses for practical power systems, it is important to locate DG in the appropriate place. Various methods have been developed. The particular CPF method has been proven effective in determining DG placement. In this paper, a new method to determine an optimal DG allocation is presented which is based on the modal analysis that involves eigenvalue and eigenvectors techniques. Numerical example on a 34-bus distribution network is given to illustrate the effectiveness of the proposed method. This paper also compares the effectiveness of the new method to the CPF method.
INTRODUCTION
Nowadays, the use of distributed generation (DG) has risen as a clean renewable energy alternative generation because of its benefit due to the exhaustion fossil fuels and global warming problems [1] . It is expected to hold a crucial task in the electricity industry infrastructure and market. DGs are defined as the development electric power sources connected directly on the customer site of the meter or at the distribution system network [2, 3] .
The integration of distributed generations into electric power system has brought many benefits. It has positive effects on the voltage profile at the distribution system as well as power quality. Benefits of distributed generations in the power system operation are [4, 5] :
1. Improve the voltage profile by reducing power flow inside the transmission system, 2. Reduce power losses at distribution system by delivering power for some load demand at the distribution, 3 . Improve system's reliability and efficiency by diminishing thermal stresses caused by loaded substations, transformers and feeders, 4 . Postpone infrastructure upgrades since they provide transmission capacity release, 5 . Decrease expenses related to transmission and distribution, 6 . Help in "peak load shaving" and load management programs, 7. Provide local load reliability which can be used as onsite standby to supply power during emergency and system outages, 8 . Supply the required spinning reserve thus maintain power system stability, 9. Eliminate or lessen emission.
However, these benefits depend on the location and the size of DGs [6] . Currently, the optimal placement of DG units are one of the major challenges for power system engineers [7] . Therefore, research on the DGs' optimal allocation becomes important to maximize the operation benefits of DGs. Different strategies to determine the optimal allocations of DG units have been proposed. Reference [8] proposes DG units placement based on the analysis of continuation power flow method and determination of most sensitive buses to voltage collapse. As a result, this method proves to improve the voltage profile and reduce the system losses. In [9] , a method to determine optimal locations of DGs by considering power loss while determine DGs' optimal size by using Kalman Filter algorithm is proposed.
Planning of DG requires careful system studies and appropriate planning guidelines. It requires cooperation between the transmissions network service providers as well as the distribution network service providers. The loading at a distribution substation and the transmission line supplying the substation as well as the distribution feeders supplying the end users are key factors in DG planning. Reliability of the actual generation techniques used for DG also needs to be considered in the planning process. Concerns in these aspects remain as a challenging problem in DG planning. The proposed method in this paper does not aim at providing a complete solution to this, however, identification of such potential problems and planning of DGs to minimize such potential problems are addressed here.
In this paper, a new method to determine an optimal DG allocation is presented. This study considers the impact of the DG on the distribution system voltage stability. This method is based on the modal analysis that involves eigenvalue techniques and the associated eigenvectors of reduced Jacobian matrix. Buses with high modal participation factors will be selected as the possible optimal location for DG installation. After the placement of DG units, the voltage stability of the system will be re-evaluated to validate the efficiency in improvement of voltage profile and system eigenvalues and network power losses reduction. The system eigenvalue in this paper becomes the voltage stability index since the eigenvalue is capable to indicate the degree of stability of the network. The higher the system eigenvalue, the more stable the system. To verify the effectiveness of the proposed method, the 34-bus distribution network is used in this paper. This paper only focuses on voltage stability enhancement and network losses reduction. The continuation power flow based methods reported in [8, 10] are tested in this paper to compare with the proposed method. The calculation results show that modal participation factor is more effective for improving voltage stability and simultaneously decreasing power losses.
II. MODAL ANALYSIS METHOD AND THE CONTINUATION POWER FLOW
Voltage stability is a division of power system stability. It can be investigated by static (steady-state) voltage stability, quasi-static or dynamic analysis [11] . The voltage stability analysis for a given system state observes two aspects [12, 13] :
• Proximity that evaluates the voltage security and determines the closeness of the system to instability.
• Mechanism that gives information or strategic actions useful to prevent instability. It provides information when instability occurs, what factors contribute to instability, what the voltage-weak points, and what areas involved to instability.
In this paper, two methods will be compared. The proposed method: modal analysis (static analysis) [12] and the continuation power flow method (quasi-static analysis) [14] . Both methods are reviewed briefly here for completeness.
A. Modal Analysis
The linearized model of steady-state power system is given by,
where, ∆ is incremental change in bus real power ∆ is incremental change in bus reactive power injection ∆ is incremental change in bus voltage angle ∆ is incremental change in bus voltage magnitude J is the Jacobian matrix of partial derivatives
1) Reduced Jacobian Matrix
If active power P in Eq. 1 is kept constant, thus,
and,
J R is the reduced V-Q Jacobian system matrix. It directly correlates the bus voltage magnitude and the bus reactive power injection. The V-Q sensitivity at a bus stands for the slope of the V-Q curve at the given operating point [13] . When the V-Q sensitivity is positive, it signifies a stable operating condition. As stability decline, the magnitude of the sensitivity raises and being inestimable at the stability limit. On the contrary, when V-Q sensitivity is negative, suggesting the unstable state. The smaller negative sensitivity, the more unstable the system operation.
2) Modes of Voltage Instability
The modes of power network can be obtained by the eigenvalues and eigenvectors of the reduced Jacobian matrix
where, is the right eigenvector matrix of J R is the left eigenvector matrix of J R Λ is the diagonal eigenvector matrix of J R
B. Continuation Power Flow Method
The purpose of this method is to acquire a continuum of power flow solution for a specific load change scenario. As can be seen in Fig. 1 , the procedure starts from a known solution then predicts a subsequent solution for a different value of the load parameter.
1) Power Flow Equation Reformulation and Continuation Algorithm
Firstly, a load parameter, denoted by is defined by 0 where = 0 corresponds to the base load and corresponds to critical load. This load parameter is then incorporated into the active and reactive power and obtain 0 1 cos Figure 1 . Predictor-corrector scheme of the continuation power flow [14] where, , are the original load at bus i, active and reactive is the multiplier to designate the rate of load change at bus i as changes is the power angle of load change at bus i is a given quantity of apparent power which is chosen to provide appropriate scaling of is the active generation at bus i in the base case is the constant used to specify the rate of change in generation as varies , are the injected active and reactive power Then a continuation algorithm is applied at the reformulated power flow equations. The above equations can be rewritten in a compact form such that,
, , 0
where represents generator angle vector, V represents the bus voltage magnitude vector and is the loading parameter.
2) The Prediction and Correction Procedures
Continuation power flow method develops a predictorcorrector steps scheme to achieve a solution path of a reformulated power flow equations. In the prediction step, the tangent vector is calculated by deriving both sides of the power flow equations, so that, (9) where * represents the predicted solutions for a successive value of (loading parameter) and is a weighting coefficient.
The next important step in continuation power flow is the correction procedure. The prediction above is corrected by using Newton-Raphson power flow. It is done by expanding the parameterization which identifies each solution along the path being traced.
3) Determination of the Most Sensitive Bus
The tangent vector provides not only the direction of the solution path but also sensivity analysis to determine the weak buses. By using the reformulated power flow equation, we get cos ∑ cos
A weak bus is the bus that owes a large ratio of differential change in voltage to differential change in load, which is available from the tangent vector. Therefore the weakest bus becomes max , , …
III. EIGENVECTOR BASED DG ALLOCATION Although DGs are basically small capacity generation units, which require detailed modeling and specialty software for detailed stability analysis, in this paper, the impacts of DGs only are studied. The system steady state Jacobian given in Eq.
(1) can be used for modal analysis in order to obtain voltage stability measures as well as participation factors to guide the DG planning process. By using modal analysis, estimation of proximity to voltage instability and mechanism of voltage instability can be obtained. The modal analysis method provides useful information about system performances by presenting voltage stability critical areas and presenting the best strategies to enhance voltage stability margin [15] . The mechanism in modal analysis approach gives information about the generator buses for control actions and load buses to improve voltage stability [16] . Although steady state analysis is used in this paper, modal analysis has been demonstrated to be in a good consistency with dynamic simulation based approaches. Moreover, modal analysis has been proven to have several practical advantages over the dynamic approach, such as [17] :
• computationally less inclusive
• the eigenvalues provide indication whether the system is stable or not at the given operating circumstance
• the participation factors apparently identify crucial areas to voltage instability and point out essential elements in the instability phenomenon.
The mechanism information of voltage instability is conferred by the left and right eigenvectors associated to the critical modes. The relative bus participation factor of the k th bus to the i th mode can be given as,
signifies the degree contribution of to the V-Q sensitivity at bus k. The larger the value of is, the more influence of in determining V-Q sensitivity at bus k. small eigenvalues, bus participation factors verify areas near to instability condition. When there are very few buses with large participation factors and all other buses' participation factor near to zero, meaning that the mode is much localized. However, when many buses own small similar participations and other buses with close to zero, the mode is not localized.
Participation factor has been very useful and widely applied in various applications for voltage stability enhancement and other field of electric power system [18] . It is occupied in determining the location of load shedding [15, 19] , assessment of generator impact [16] , SVC allocation [20, 21] , verification of the critical system location and most effective location to implement remedial measures [22] and shunt reactive compensation location [23] .
Load buses with large participation factor have more influence in contributing to the voltage instability. Consequently these buses become the best candidate buses for allocating distributed generations to enhance system voltage stability. Fig. 2 shows the method of DG installation with modal participation factor.
IV. EVALUATION PARAMETERS

A. The smallest system eigenvalue (λ )
The eigenvalue analysis method has been proven to be effective in evaluating the steady-state stability of a system. The smallest system eigenvalue λ value is exercised to measure the voltage stability of the system. It also becomes an index to voltage stability measurement. 
B. Network Active and Reactive Power Losses
To evaluate the impact of DG unit location on active and reactive power losses reduction, we use this following relation:
Where % is the percentage of active power losses reduction % is the percentage of reactive power losses reduction. 
V. TEST RESULTS AND ANALYSIS
The modal bus participation factor is used to determine the optimal allocation of DG to improve the system voltage stability. To evaluate the performance of the proposed method, tests have been carried out on a 34-bus distribution network. The bus and the lines data are taken from [8] with some modifications.
In this paper, the system is considered to be heavily stressed to find optimal DG location. The system loading and generation condition are increased proportionally then the voltage magnitude, eigenvalues and bus participation factor are calculated. The continuation power flow method is compared with modal analysis method. Both m be consistent. For the first DG placement, both in CPF modal participation factor suggest that the DG bus 26. The second DG placement for both m 33. However, for the third DG placement, the shown in both methods. In CPF method, it is su the third DG at bus 17, while the largest mo factor is bus 11. The list of DG location based is shown in Table I . Fig. 4 shows the voltage m before the DG installation, whereas Fig. 5 sh magnitude profile improvement after DG u using both methods. The eigenvalue analysis is one th assess the steady state voltage sta system [24] . Therefore, the system compare the effectiveness of DG u the continuation power flow me method. As can be seen in Fig. increase as the addition of DG unit the system without any DG unit is is installed at bus 26, the λ improves to 1.6067 when two DG u and 33. By using the CPF method, th 17. The final eigenvalue with the C But according to the modal analys DG allocation is bus 11, the eigenva higher than the λ based on the C the modal analysis method is to so than the CPF method in determining In addition, DG allocation based on modal analysis method gives the largest percentage of active and reactive power losses reduction. The active power losses reduction is 42.25% while the reactive power losses reduction is 44.59%. However, based on the CPF method, where the third DG is located at bus 17, the network losses decrease slightly below the losses reduction for the modal analysis approach. The active power losses reduction is 36.36% and the reactive power losses reduction is 41.29%. Table II illustrates the active and reactive power losses reduction percentage when DG units are installed at certain buses. VI. CONCLUSIONS
The proper placement of DG units is important. Two main approaches are evaluated in this paper. A well known the continuation power flow method has been occupied by several works and shown an effective result. This paper presents a new method based on modal analysis for placement of DG units. The results of execution of this method on the modified 34-bus distribution network clarify the robustness of this method in optimal placement of DG units. The results show efficiency of modal bus participation factor in determining the optimal allocation for DG installation for improvement of voltage profile, maximum reduction of system active and reactive power losses and also an increase in system eigenvalue compare to the existing approach.
